Journal of Physiology (1997), 501. 1, pp. 111-1 24 The effects of calcium buffering and cyclic AMP on mechanoelectrical transduction in turtle auditory hair cells 4. The effects of perfusion of 50 /M Ca2+ endolymph depended on the BAPTA concentration of the electrode: with 3 mm BAPTA, adaptation was abolished, but in most recordings with 0-01 or 0-1 mm BAPTA, rapid adaptation was retained. The current-displacement curve was also shifted less the lower the intracellular BAPTA concentration. Cells in the highfrequency half of the papilla retained adaptation at a higher BAPTA concentration. 5. Treatment with the cAMP agonist, 8-bromo-cAMP, or with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine, caused a rightward shift in the current-displacement curve which was independent of the internal BAPTA concentration.
aspect are enveloped in high-Ca2P perilymph. Recent evidence suggests that the mechano-electrical transduction channels are located at either end of extracellular strands linking the distal tip of each stereocilium with the body of its taller neighbour (Denk, Holt, Shepherd & Corey, 1995) . Such placement enables the channels to sense the tilting of the stereocilia in a direction parallel to the axis of symmetry of the bundle (Pickles, Comis & Osborne, 1984 ). An adaptation process has also been described which sets the operating range of the transducer, thus enabling the channels to detect small displacements centred around the ambient position of the stereocilia (Eatock, Corey & Hudspeth, 1987) . Adaptation is thought to be triggered by a rise in intracellular Ca2P following influx through the transduction channels (Assad, Hacohen & Corey, 1989; Crawford, Evans & Fettiplace, 1989; Kimitsuki & Ohmori, 1992) . Employing Ca2+ as the feedback signal poses a problem since the endolymphatic Ca2+ concentration may be as low as 30 AM in mammals (Bosher & Warren, 1978) and 65 uM in turtles (Crawford, Evans & Fettiplace, 1991) . Moreover, when isolated hair cells are immersed in solutions containing 20-50,uM Ca2+, transducer adaptation is lost and the channels become more than 50 % activated at rest (Crawford et al. 1991; Kimitsuki & Ohmori, 1992) . This implies that in low-Ca2+ endolymph, insufficient Ca2+ may be entering the stereocilia through the transduction channels to implement adaptation. One hypothesis is that other intracellular factors exist for determining the efficacy of Ca2+ to regulate the degree of activation of the transduction channels and the 'set position' of the hair bundle at rest. To explore this problem further we have measured hair cell transduction * To whom correspondence should be addressed.
currents in an intact epithelium, where the endolymphatic and perilymphatic surfaces can be separately perfused. Use of the intact papilla has significantly increased the number of successful recordings and has prolonged the recording time, thus enabling a more systematic study of the transduction apparatus in single hair cells. Our results indicate that the degree of Ca2P buffering within the stereocilia is an important factor influencing transducer adaptation. In view of the reports of adenyl cyclase in hair cell stereocilia (Oudar, Ferrary & Feldmann, 1990; Drescher, Kern, Hatfield & Drescher, 1995) , and cAMP actions on a hair cell epithelium (Ricci, Norris & Guth, 1991) , we have also investigated the involvement of the intracellular messenger in hair cell transduction. These experiments have shown that cAMP may co-operate with Ca2P in setting the activation range of the transducer.
METHODS
Preparation and recording -Turtles (Trachemys scripta elegans, carapace length, 100-126. mm) were decapitated and the heads split sagitally with a razor blade. The cochlear duct and lagena (with an attached portion of the saccule) were removed and opened and the tectorial membrane was carefully peeled away following digestion for -20 min in saline solution (mM: NaCl, 125; KCl, 4; CaCl2, 2 8; MgCl2, 2-2; glucose, 8; NaHepes, 10; pH, 7 6) containing up to 0 1 mg ml' protease (Sigma Type XXIV). A prerequisite for observing large transduction currents was adequate protease treatment so that the tectorial membrane could be detached without tugging on the hair bundles. The preparation was transferred to a Sylgard well (volume, -1 ml) in the recording chamber and secured, hair bundles uppermost, with strands of dental floss tensioned on insect pins; the tension could be adjusted so that most of the papilla surface overlying the basilar membrane lay in one focal plane. This portion of the papilla is approximately 800,m long and 150 ,um wide (see Hackney, Fettiplace & Furness, 1993) . The chamber was mounted on the stage of a Zeiss Axioskop FS microscope and viewed using Nomarski optics through a x 63 water-immersion objective lens (numerical aperture, 0 9), a x 1-6 optovar and a Hamamatsu C2400 CCD camera. Experiments were performed at 22-24 'C. Results are expressed in the text as means + 1 standard error of the mean (S.E.M.).
Whole-cell currents were recorded with borosilicate patch electrodes connected to a List EPC-7 amplifier. The first electrode was used to breach the abneural side of the papilla at the level of the cell bodies. This manoeuvre made only a small hole in the side of the papilla and left the apical surface of the hair cells unperturbed. A new recording electrode was then advanced into the track made by the previous penetration, rupturing the connections between the supporting cells to make contact with the basolateral aspect of a hair cell. With successive electrodes, it was possible to record from each hair cell in a row advancing across the papilla towards the neural limb, but usually the first recording was taken from the third cell in from the abneural edge (Fig. 1B) , leaving the intervening hair cells and supporting cells intact. This precaution ensured that the endolymph solution did not reach the basolateral surface of the hair cell under study (see below). The experimental approach is similar to that used by Kros, Riisch & Richardson (1992) for recording transduction currents in a mouse cochlea, with the exception that in the present experiments no tissue was removed to gain access to the basolateral surface of the cell (Fig. 1) (Oliva, Cohen & Mathias, 1988) that the time constant of 'wash-in' for a substance the size of BAPTA is about 2-3 min; for loss of larger cytoplasmic molecules like the purported Ca2+ buffer calbindin-28k, 'wash-out' may take somewhat longer. In practice, about 10 min were allowed before acquiring control responses. Transducer currents in response to hair bundle displacement were measured at a holding potential of -70 mV and were stored on a Sony PCM instrumentation recorder at a bandwidth of 0-20 kHz. At the end of a recording the longitudinal position of the hair cell and the total length of the papilla were noted.
Mechanical stimulation
The apparatus for deflecting hair bundles with a stimulator stiffer than the bundle was identical to that previously described (Crawford et al. 1989 (Crawford et al. 1989) . A current-displacement relationship was generated by delivering a family of positive and negative displacement steps (towards and away from the kinocilium, respectively) 20 or 50 ms in duration at a repetition rate no greater than 5 s-. Each point on the relationship was the mean of five to fifty presentations.
Transducer behaviour was characterized with as few stimulus families as possible to avoid run-down in the current amplitude, this being especially important during long recordings such as those with the cAMP analogues (Fig. 9) . The unattenuated amplitude of the stimulator was measured at the end of each experiment. The glass probe was acid cleaned at the start of the experiment so that it would adhere to the hair bundle membrane. This ensured that the bundle followed faithfully both positive and negative deflections of the probe. (Roberts, Jacobs & Hudspeth, 1990; Tucker & Fettiplace, 1995) , this argues that solutions perfused into the cochlear duct had their major effect on the apical surface of the hair cells, thus mimicking the in vivo separation of endolymph and perilymph. The cyclic nucleotide agonist 8-bromo-cAMP (8-BrcAMP) and the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX), which in some experiments were also included in the cochlear duct perfusate, were obtained from Calbiochem (San Diego, CA, USA).
RESULTS
The effects of Ca2+ buffers on transduction currents The transduction current measured in the intact papilla in response to stepping the bundle activated rapidly in less than 0 5 ms but was then terminated by an adaptation that returned the current towards its original resting level. Figure 2D shows the relationship between the transducer current I, normalized to its peak value Imax, and bundle displacement, x, for the three different cells. The plots suggest that with reduced BAPTA concentration a smaller fraction of the current is activated at rest, and the transducer activation curve is shifted to more positive displacements. The current-displacement relationships in (Holton & Hudspeth, 1986; Crawford et al. 1989) :
(1) K1 and K2 are equilibrium constants for the first and second transitions with:
K1= exp(a(x, -x)), and
where a,, a2, xl and x2 are constants determining the steepness of the function and its position along the displacement axis, respectively.
The adaptation time constant was measured from single exponential fits which in the majority of cases adequately described the major portion of the current decline ( Fig. 3C and D). There was also a slower component to adaptation (Crawford et al. 1989) which was not quantified due to its small amplitude. Such fits were applied to currents evoked by small step displacements of the hair bundle producing less than a half-maximal response. Both the mean time constant and extent of adaptation changed systematically with the BAPTA concentration (Fig. 3A) . Moreover, when the results from different BAPTA concentrations were pooled, the rate and extent of adaptation were correlated ( Fig _~~~. maximum currents in cells throughout the cochlea were amplified about 2-fold, but the gradient in the maximum current was still evident. Linear regression fits have been superimposed on the data in Fig. 4A to show the correlation between maximum conductance and hair cell position. However, if the scatter in the results is due to variable damage to the hair bundles during dissection, then the upper envelopes of the sets of points are more likely to approximate the physiological condition. The maximum currents translate into a conductance range of approximately 2-5-9 nS in endolymph containing 2-8 mm Ca2+ and 4-17 nS in 50 /LM Ca2P (Fig. 4A) . Taking into account the variations in ciliary complement, the total conductance corresponds to 40-100 pS per stereocilium in 2-8 mm Ca2+ and 70-190 pS per stereocilium in 50 /SM Ca2+.
The maximum conductance of approximately 17 nS in 50 /LM Ca2+ endolymph is still smaller than the value of 25 nS estimated for hair cells in the intact cochlea (Fettiplace, 1992) . One factor that may contribute to this discrepancy is the identity of the monovalent cation: Nae in the present experiments but K+ in the intact cochlea. Substitution of K+ for Nae has previously been shown to produce a 36 % increase in the current magnitude (see Table 2 of Crawford et al. 1991) .
There was a proportional decrease in the time constant of adaptation with hair cell location, which is illustrated in Fig. 4B -47, -192, 51, 150, 295, 537 and 1070; right, 50 FM Ca2+; -47, -192, 51, 110, 439, 537 (Crawford et al. 1991) , manifesting itself as a leak conductance. The leak conductance could be turned off by negative displacement of the hair bundle or by perfusion with 01 mm dihydrostreptomycin, which in low Ca2' totally blocks the transducer channels (Kroese, Das & Hudspeth, 1986 ). The effects of 50/uM Ca2+ endolymph also depended on the intracellular Ca2P buffering (Fig. 5) . With high buffering (Fig. 5A) , there was an increase in the maximum size of the current and the proportion activated at rest, as well as a loss of adaptation. With low buffering (Fig. 5B) , the maximum size of the current and the proportion activated at rest increased but adaptation remained. In the example shown, both the time constant (0 9 ms) and the extent of adaptation (100%) were little changed in 50/uM Ca2+. With low Ca2+ the time constant increased to 1 ms but the degree of adaptation was 100% for small-amplitude stimuli. The difference is a quantitative one since for both cells illustrated there was a leftward shift in the currentdisplacement relationship ( Fig. 6A and B) but the net result was that for the lower buffer a smaller fraction of the total current was activated at rest. In studying the effects of BAPTA, variability in behaviour was observed and only a fraction of the cells retained adaptation in 50/uM Ca2P endolymph; this fraction decreased with BAPTA concentration (Fig. 7A) The set position of the transducer An important characteristic for the proper functioning of the hair cells is the 'set point' of the transducer, which is the fraction of the total transducer conductance activated at the resting position of the bundle. If this fraction is too large, the sensitivity and dynamic range of transduction will be diminished and if it is too small, low-intensity stimuli will fail to evoke a response. The fraction has been estimated as about 0 1 for hair cells in the intact turtle cochlea (Crawford & Fettiplace, 1981 b) . The position of the current-displacement relationship was quantified by measuring as a function of [BAPTA] the bundle displacement for half-activation of the maximum current (x0.5) and the fraction of total current turned on at rest ( Fig. 7C and D) . In high Ca2+ (2-8 mM) endolymph, no more than 10% of the conductance was activated at rest, this fraction being smaller the lower the Ca2+ buffer concentration (Fig. 7D) . The buffer had a small effect on the position of the current-displacement relationship in normal Ca2+, but in low Ca2+ larger changes were observed. For example, the mean leftward shift produced by 50 /M Ca2P endolymph was 100 nm in 0 01 mm BAPTA compared with 250 nm in 3 mm BAPTA. Also the fraction of current activated at rest increased from a mean value of 0-25 with 0-01 mM BAPTA to 0 55 with 3 mm BAPTA. There were no major changes in sensitivity in low compared with normal Ca2+ endolymph. When the transducer current was normalized to its peak value and plotted versus displacement (see Fig. 6 ), the maximum slopes in 2-8 mM and 50/SM Ca2P were 4-1+006 and 3-4+04um-1, respectively (0 1 mm BAPTA intracellular; n = 7) and A. J Ricci as 4-2 + 0-2 and 2-9 + 03 sum-', respectively (1 mm BAPTA intracellular; n = 15). The slope factors in 2-8 mm Ca2P are not substantially different from those obtained previously in isolated hair cells (see Fig. 2 of Crawford et al. 1989 ). Several observations suggested that the effects of switching to 50 ,M Ca2P endolymph were partly intracellular.
Firstly, the shift in the current-displacement relationship was progressive and developed with a time course that was slower than that of the solution change. Secondly, on returning to 2f8 mm Ca2P the current-displacement relationship shifted back but overshot its original position. A transient decrease in the time constant and increase in extent of adaptation accompanied this overshoot. These observations would be consistent with a slow change in the internal Ca2P concentration on changing between the two different endolymph solutions. Thirdly, there was some variability in the augmentation of the maximum current in low Ca, ranging between 1-5-and 3-fold. Explanations of the current amplification revolve around relief of Ca2+ block of the channel (Crawford et al. 1991) by analogy with the Ca2+ block described for the cGMP-gated channel in photoreceptors (Zimmerman & Baylor, 1992) . However, in photoreceptors, block by divalent cations can occur at both the internal and external surfaces of the channel. It is conceivable that the mechano-electrical transducer channel also experiences block at both the internal and external surfaces, and that the variable relief of block in 50/M Ca2+ reflects a variability in the initial Ca2+ concentration at the intracellular mouth of the channel. While the CaW+ buffering within the stereocilia is an important factor governing adaptation, other factors may contribute to the optimal positioning of the activation curve. One such factor is cAMP, whose synthetic enzyme has been reported in the hair bundle (Oudar et al. 1990; Drescher et al. 1995) . The effects of cAMP agonists on the transducer currents and current-displacement relationship are shown in Figs 8 and 9. For these experiments relatively long recording times were needed during which period the control half-saturating displacement (x0.5) remained stable. For example, in Fig. 9A , the control x0.5 lay in the range 300-400 nm. x0.5 was shifted negative in 50 AM Ca2+ -0-3 -0-5 the agonist (mean fractional increase, 0-27 + 0 05, n = 11).
The increase in Ca2P current occurred without any shift in its voltage sensitivity, and may explain the potentiation of vestibular nerve firing with cAMP agonists reported by Ricci et al. (1991) . One hypothesis for the effect of cAMP on transduction is that it acts by changing intracellular Ca, but several observations argue against such a hypothesis. Firstly, in the present experiments a resting Ca2+ influx should not occur through voltage-dependent channels since the hair cells were held at -70 mV where the Ca2+ current would not be activated. Secondly, the presence or absence of the cAMP analogue did not affect the shift in x0.5 produced in low-Ca2P endolymph (Fig. 9) . Thus the initial shift on switching from control solution was -274 + 46 nm and on changing from cAMP analogue in normal endolymph to the analogue in low Ca2P it was -328 + 48 nm (n = 5). These results suggest that the intracellular effects of low Ca2+ and cAMP sum independently. It is worth noting that, in Fig. 9 , the combined effects of 8-Br-cAMP or IBMX countered the leftward shift in low CaP, x0.5 assuming a value similar to that in high (2f8 mM) Ca2P endolymph. Thirdly the effect of 0.1 mM 8-Br-cAMP was insensitive to the amount of intracellular Ca2P buffer. The positive shift in x0.5 in 0-01 mm BAPTA was 238 + 86 nm (n= 3) and in 3 mm BAPTA was 160 nm (n = 1) compared with the 1 mm BAPTA value of 260 + 49 nm. Finally, the shift in x0.5 occurred without any change in the time course or extent of adaptation (Fig. 8) .
Taken together these observations argue that cAMP has a separate action from intracellular Ca2' and suggest that, under some conditions, the position of the activation curve can be dissociated from the presence of adaptation to a step stimulus. DISCUSSION Adaptation and the optimal position of the transducer activation curve Adaptation of the transducer channels of the hair cells, triggered by Ca2P influx, is thought to optimize the sensitivity of the transducer near the resting position of the hair bundle (Eatock et al. 1987) . Paradoxically, the hair cells are arranged with the transducing apparatus enveloped in endolymph containing a Ca2+ concentration of less than 100 /M. Exposure of isolated hair cells to such Ca!+ levels has been shown to abolish adaptation and turn on a substantial fraction of the transducer current at rest (Crawford et al. 1991) . To address this paradox, we have examined the contribution of intracellular Ca2+ buffering to transduction in an intact cochlear epithelium where the endolymphatic surface could be perfused with low-Ca2+ solution. We found that fast adaptation is retained in 250 or 50 fiM endolymphatic Ca2+ provided the cell contains a sufficiently low concentration of Ca2P buffer. Preservation of adaptation in low-Ca2P solution is also more likely in cells with large maximal responses. Taken together, these observations suggest that the rate and extent of adaptation are determined by the Ca2+ influx and the stereociliary buffering capacity. Our results also indicated that the position of the currentdisplacement curve depended on the internal Ca2+ buffer concentration (Fig. 7) , but even in the lowest BAPTA concentrations, 25 % or more of the transducer conductance was activated at rest in 50 /M endolymphatic Ca2+. This observation differs from the measurements in the intact cochlea where no more than 10% of the transducer conductance is activated at rest (Fettiplace, 1992) . While the Ca2+ buffer concentration is clearly important in setting the position of the current-displacement curve, additional factors must be involved in the intact organ. One factor may be the cyclic nucleotide concentration.
The relationship between transducer conductance and time constant of adaptation The results in Fig. 4 suggest that cells with a larger transducer conductance exhibit faster adaptation. The simplest explanation for this correlation is that a larger conductance results in a greater Ca2+ influx. Consequently, the divalent ion achieves a higher stereociliary concentration and drives adaptation more rapidly. Consistent with this notion, when the endolymph Ca2+ was reduced to 50 uM, adaptation in high-frequency cells with larger transducer conductances was more resistant to internal [BAPTA] (Fig. 7B ). For such a mechanism to operate, there needs to be intracellular summation of Ca2+ entering through different channels, assuming that the conductance and Ca2+ permeability of the channel remain the same in all hair cells. The transducer channels are thought to be located at the stereociliary tips (Jaramillo & Hudspeth, 1991; Lumpkin & Hudspeth, 1995; Denk et al. 1995) ; therefore, due to the long diffusion distances, interaction between channels in neighbouring stereocilia would be unlikely to occur on a time scale fast enough to affect adaptation. Local summation would be more likely if each stereocilium contained multiple channels within a short diffusional distance of each other. Summation from channels at either end of the tip link (Denk et al. 1995 ) may be one explanation. Alternatively, in high-frequency hair cells, one end of the tip link may be attached to multiple channels. Derivation of the number of channels per stereocilium is not straightforward given the spread in the single-channel estimates (50 pS, Ohmori, 1985; 17 pS, Holton & Hudspeth, 1986 ; 106 pS, Crawford et al. 1991 (Fig. 4B) suggests that it might play a physiological role. If adaptation operates in the intact cochlea, it will contribute a high-pass filter to the frequency selectivity of the hair cell. Original attempts to dissect the cell's acoustic tuning curve in the turtle cochlea (Crawford & Fettiplace, 1981a) indicated that, besides the major component endowed by the electrical resonance, there was a residual low-pass filter (the middle ear mechanics) and a single-pole high-pass filter of unknown origin. The highpass filter varied from 29 to 350 Hz and was roughly scaled with the characteristic frequency of the hair cell (see Table 4 of Crawford & Fettiplace, 1981 a (Tucker & Fettiplace, 1995) , which has been reported to be highly concentrated in the stereociliary plasma membrane (Crouch & Schulte, 1995) . The endogenous Ca2+ buffer in the cell body has been estimated to be equivalent to -1 mm BAPTA from the effects of different BAPTA concentrations on the Ca2+-activated K+ currents both in mid-frequency turtle hair cells (Tucker & Fettiplace, 1996) and in bullfrog hair cells (Roberts, 1994 Variability has been noted by Shepherd & Corey (1994) who found a range of adaptation time constants, though their mean value of 25 ms obtained with 10 mm internal EGTA is in good agreement with our measurements in 10 mM BAPTA. The variability may be due in part to differences in the magnitude of the transducer current or location of the hair cell (see above). It could also reflect differences in Ca2+ 
